Introduction
Nonalcoholic fatty liver disease (NAFLD), the world's most common chronic liver disorder, represents a spectrum of liver diseases ranging from benign hepatic lipid accumulation (nonalcoholic steatosis; NAFL) to inflammation and fibrosis (nonalcoholic steatohepatitis; NASH) and, potentially, hepatocellular carcinoma (HCC) (1) (2) (3) (4) (5) . However, despite NAFLD's clinical and public health significance, the mechanisms underlying its immunopathogenesis, including those leading to HCC, remain underdefined. Thus, the discovery of novel mechanisms regulating NAFLD progression may provide novel therapeutic targets for the inhibition of NASH progression to HCC and ultimately reduce NAFLD prevalence.
Innate and adaptive immune responses are central to both NAFLD and HCC pathogenesis (4, 6) . Among innate immune activators, TLR4 signaling, activated in response to endotoxin (LPS) sensing, has been associated with NAFLD progression in mice (7) (8) (9) and correlated with NAFLD severity in humans (10) . Obesity-associated increased intestinal permeability and systemic endotoxemia (11) have been linked with NAFLD pathogenesis (12) . Increased TLR4 activation augments hepatic and systemic cytokine production, including cytokines known to induce the differentiation and activation of Th17 cells (13) . Notably, IL-17 axis activation is critical for NAFLD to NASH transition (9, 14-18).
Nonalcoholic fatty liver disease (NAFLD), a metabolic predisposition for development of hepatocellular carcinoma (HCC), represents a disease spectrum ranging from steatosis to steatohepatitis to cirrhosis. Acox1, a rate-limiting enzyme in peroxisomal fatty acid β-oxidation, regulates metabolism, spontaneous hepatic steatosis, and hepatocellular damage over time. However, it is unknown whether Acox1 modulates inflammation relevant to NAFLD pathogenesis or if Acox1-associated metabolic and inflammatory derangements uncover and accelerate potential for NAFLD progression. Here, we show that mice with a point mutation in Acox1 (Acox1 Lampe1 ) exhibited altered cellular metabolism, modified T cell polarization, and exacerbated immune cell inflammatory potential. Further, in context of a brief obesogenic diet stress, NAFLD progression associated with Acox1 mutation resulted in significantly accelerated and exacerbated hepatocellular damage via induction of profound histological changes in hepatocytes, hepatic inflammation, and robust upregulation of gene expression associated with HCC development. Collectively, these data demonstrate that β-oxidation links metabolism and immune responsiveness and that a better understanding of peroxisomal β-oxidation may allow for discovery of mechanisms central for NAFLD progression.
In addition to inflammation, hepatic cellular metabolism plays a critical role in NAFLD progression. Modulation of mitochondrial function (19) and lipolytic and lipogenic pathways in hepatocytes have profound effects on the development of steatosis (20) . In fact, altered mitochondrial activity, or increased de novo lipogenesis in the liver, in parallel with steatosis, promotes cellular stress, lipid peroxidation, and induction of inflammation (21) . However, while inflammatory and metabolic pathways are often causally linked with NAFLD, the pathways essential for the interaction between these biological processes in NAFLD progression are not well defined.
Acyl-coenzyme A oxidase (Acox1), a rate-limiting enzyme in the peroxisomal β-oxidation pathway, is responsible for catabolism of very long-chain fatty acids. Saturated long-chain fatty acids are known to activate inflammatory and innate immune responses in immune cells (22) (23) (24) . Altered Acox1 function is associated with spontaneous liver damage in humans (25) (26) (27) . In fact, patients with pseudoneonatal adrenoleukodystrophy, a rare inflammatory neurodegenerative disease caused by Acox1 deficiency, exhibit hepatomegaly due to impairment of peroxisomal fatty acid β-oxidation of very long-chain fatty acids (28) . Similarly, Acox1-deficient and Acox1 mutant mice exhibit spontaneous steatosis and steatohepatitis, augmented liver regeneration, and spontaneous development of HCC around 1 year of age (26, 29) . These findings suggest that Acox1, in addition to its role in metabolism, may also play an important role in regulation of inflammation via peroxisomal β-oxidation -something that has not been previously interrogated, to our knowledge. Thus, we hypothesized that Acox1-dependent modulation of metabolic function and inflammatory vigor in obesity would augment induction of proinflammatory immune axes and allow for accelerated and exacerbated NAFLD pathogenesis.
Results

Acox1-dependent peroxisomal β-oxidation regulates inflammatory cytokine production and T cell polarization.
The role of Acox1 in modulation of systemic inflammatory cascades in vivo, at base line, and after inflammatory challenge has not been previously defined. Hence, we quantified in vivo basal and LPS-induced systemic cytokine production in WT and Acox1 Lampe1 mice, which have a splice donor site mutation in the Acox1 gene between exons 12 and 13, resulting in partial deletion of the C-terminal acyl-CoA oxidase domain (29) . Acox1
Lampe1 mice, compared with WT controls, exhibited significantly increased basal serum IL-6 and TNF-α levels and trends toward increased IFN-γ and IL-17A levels ( Figure 1A) . Following LPS challenge, in addition to elevated IL-6 and TNF-α, the serum levels of IFN-γ and IL-17A were also significantly elevated in Acox1
Lampe1 mice ( Figure 1B ). LPS does not directly induce IL-17 production; rather, it induces production of cytokines (e.g., IL-6, IL-1β, and IL-12), which promote IL-17 production via polarization of Th17 cells (30) and NK cell and NKT cell activation (31) (32) (33) . Accordingly, Acox1
Lampe1 BM-derived DCs exhibited significantly increased production of IL-6 and IL-1β, potential IL-17-inducing cytokines, after LPS stimulation ( Figure 1C ).
To test whether peroxisomal β-oxidation has a direct effect on CD4 + T cell polarization, naive WT CD4 + T cells were treated with thioridazine, a chemical inhibitor of peroxisomal β-oxidation, prior to being cultured under Th1 or Th17 polarizing conditions and stimulated with PMA/ionomycin. Notably, thioridazine treatment in vitro promoted both Th17 and Th1 polarization ( Figure 1D ) and reduced Treg polarization (data not shown). Hence, the impact of Acox1 Lampe1 mutation on naive CD4 + T polarization was examined next. Naive CD4 + T cells from Acox1 Lampe1 mice, cultured under Th17 and Th1 polarizing conditions, exhibited increased skewing toward the Th17 but not the Th1 phenotype compared with naive WT CD4 + T cells ( Figure 1, E and F) . However, at baseline, Acox1
Lampe1 mice had similar splenic Th17, Th1, and Treg numbers ( Figure 1G ). These findings suggest that Acox1
Lampe1 mutation does not alter basal, splenic T cell composition or total numbers -rather, it alters the T cell response to a stimulus. Overall, our findings suggest that Acox1 regulates both innate and adaptive immune responsiveness and immune cell inflammatory vigor.
Acox1-dependent peroxisomal β-oxidation regulates whole body metabolism and brown adipose tissue activity.
While the Acox1
Lampe1 mutation is associated with protection from weight gain (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.93626DS1), whether Acox1
Lampe1 mutation modulates whole body metabolism has not been defined (29) . Notably, despite increased food intake ( Figure 2A ) and similar locomotor activity ( Figure 2B ), Acox1
Lampe1 mice displayed significantly increased energy expenditure ( Figure 2C ) and oxygen consumption ( Figure 2D ) compared with WT controls. These results suggested a potential increase in brown adipose tissue-driven (BAT-driven) metabolic activity. In fact, subsequent analyses revealed that Acox1
Lampe1 mice exhibited a significant increase in BAT/body mass ratio ( Figure 2E ) and expression of uncoupling protein 1 (Ucp1), a key mediator of energy expenditure (34) ( Figure 2F ). Further, this correlated with increased mitochondrial respiration in the BAT ( Figure 2G ). Specifically, mitochondria from Acox Lampe1 BAT displayed increased oxygen consumption rate (OCR) after supplementation with pyruvate and malate and after uncoupling of mitochondrial respiration using carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) ( Figure  2G ). Of interest, during periods of increased energy expenditure, triglycerides (TGs) stored in the white adipose tissue (WAT) are degraded and released as fatty acids, via the process of lipolysis, to be utilized by BAT (35) . Congruent with this observation, WAT mRNA expression of Lipe, Pparg, and Pnpla2, genes associated with lipolysis, was increased in Acox1
Lampe1 mice compared with WT controls (Supplemental Figure  1B) . In sum, these differences suggest that Acox1
Lampe1 mutation augments whole body energy expenditure and BAT activity.
Acox1-dependent peroxisomal β-oxidation regulates hepatic mitochondrial activity and inflammation. Given that the liver plays a major role in numerous metabolic processes and that hepatic mitochondrial function is linked with hepatocellular damage (19), we next evaluated whether hepatic metabolism was altered in Acox1
Lampe1 mice. Initial analysis of the liver indicated that Acox1 Lampe1 mice displayed normal embryonic and neonatal liver histology, with evidence of hepatic steatosis at 12 weeks of age ( Figure 3A) . At this time, Acox1
Lampe1 mice also exhibited an increased liver/body mass ratio and augmented hepatic TG accumulation ( Figure 3 , B and C). At the cellular level, unlike in BAT, mitochondria from Acox1
Lampe1 hepatocytes displayed decreased OCR in response to succinate and FCCP -both responses indicative of impaired mitochondrial function ( Figure 3D ). This reduction in mitochondrial function inversely correlated with increased hepatic lipid peroxidation and levels of hepatocellular damage, as measured by 4-hydroxynonenal (4-HNE) and alanine transaminase (ALT) levels, respectively ( Figure 3 , E and F).
Congruent with exacerbated hepatocellular damage and dysregulated hepatic mitochondrial metabolism, Acox1
Lampe1 mice, compared with WT controls, had increased hepatic T cell and neutrophil infiltration ( Figure  3G ) that correlated with increased hepatic mRNA expression of chemokines Cxcl10 and Ccl22 (Figure 3H ), previously associated with T cell infiltration and IL-17 axis activation in NAFLD (16) . Of note, hepatic T cells from Acox1
Lampe1 mice had augmented capacity to produce IL-17A but not IFN-γ (Supplemental Figure  2 , A-D). In contrast, Acox1
Lampe1 mice displayed a significant decrease in the presence of hepatic Tregs (Supplemental Figure 2E ). Notably, reduced hepatic Treg numbers and polarization was not observed in the spleen ( Figure 1G and data not shown), possibly suggesting that the Acox1-driven hepatic milieu is critical for skewed hepatic T cell infiltration.
Short-term obesogenic-diet challenge accelerates and exacerbates Acox1-dependent peroxisomal β-oxidation-driven hepatocellular damage and systemic inflammation. At baseline, Acox1
Lampe1 mice exhibited significantly altered energy expenditure, hepatic metabolism and systemic and hepatic inflammation. All of these parameters Lampe1 mice and WT littermate controls were placed in metabolic chambers, and (A) food intake, (B) total daily locomotor activity, (C) total daily energy expenditure (EE), and (D) total daily oxygen consumption were quantified. (E-G) Analysis of brown adipose tissue (BAT) function. Twelve-week-old, chow diet-fed, Acox1
Lampe1 mice and WT littermate controls were utilized for analysis of (E) BAT/ body mass ratio, (F) BAT Ucp1 mRNA expression levels, and (G) BAT mitochondrial oxygen consumption rate (OCR). Data represent means ± SEM. (A-G) Unpaired Student's t test; *P < 0.05, **P < 0.01, ***P < 0.001. are also thought to play a significant role in obesogenic diet-induced NAFLD pathogenesis. When fed a short-term (4 weeks) high-fat high-carbohydrate diet (HFHCD), Acox1
Lampe1 mice exhibited increased food consumption in proportion to their body weight (Supplemental Figure 3A ) but were protected from weight gain as compared with WT controls ( Figure 4A ). As expected, the lack of weight gain in Acox1 Lampe1 mice correlated with significantly decreased adiposity (Supplemental Figure 3 , B-D). However, despite the protection from HFHCD-driven adiposity and weight gain, Acox1
Lampe1 mice fed HFHCD had significantly increased liver/body mass ratio and hepatocellular damage compared with WT controls (Figure 4 , B and C). Importantly, short-term HFHCD challenge, compared with chow diet, exacerbated liver weight and hepatocellular damage only in Acox1
Lampe1 mice -not WT controls ( Figure 4 , B and C). Further, in Acox1
Lampe1 livers, secondary insult with HFHCD accelerated hepatocellular injury, which correlated with augmented steatosis, lobular inflammation ( Figure 4D ), and expression of genes associated with increase ER stress (Supplemental Figure 4) .
We next examined if the increased hepatocellular damage and histological changes observed in HFH-CD-fed Acox1
Lampe1 mice were also associated with augmented hepatic inflammation. Short-term HFHCD Lampe1 mice compared with WT littermate controls ( Figure 4E ). Increased hepatic immune cell infiltration further correlated with exacerbated hepatic expression of macrophage and T cell-recruiting chemokines, Ccl2, Ccl3, Ccl4, Ccl22, and Cxcl10 ( Figure 4F ), and ezymes associated with ROS production (Supplemental Figure 5 ), known to play a role in NAFLD pathogenesis (36) .
As Acox1 plays an important role in regulation of lipid processing, and as lipid accumulation is central to NAFLD progression, hepatic accumulation of specific lipid species known to play a role in NAFLD progression was analyzed. Notably, toxic lipid accumulation is associated with both the induction of steatosis and the conversion of NAFL to NASH (37) . Quantification of hepatic TG levels revealed that, despite a significant difference between Acox1
Lampe1 mice and WT controls, HFHCD -compared with chow diet -did not additively impact hepatic TG accumulation in Acox1
Lampe1 mice ( Figure 4G ). Additional quantification of hepatic lipid species by chromatography revealed that Acox1
Lampe1 mice, in comparison with WT controls, displayed a robust hepatic accumulation of diacylglycerol (DAG), free cholesterol (FC), monoacylglycerol (MAG), and TG at baseline -lipids all known to promote NAFLD pathogenesis (37) . However, despite significantly exacerbated hepatocellular damage and inflammatory capacity, HFHCD feeding of Acox1
Lampe1 mice did not exhibit exacerbated toxic lipid accumulation in the liver ( Figure 4H ). Further, Acox1
Lampe1 mice fed HFHCD displayed similar hepatic Srebp1c mRNA expression but decreased hepatic Ppara mRNA expression -genes associated with fatty acid oxidation (FAO; Supplemental Figure 6 ). In sum, these findings suggest that both lipid metabolism and inflammation play a significant, synergistic role in hepatocellular damage and that Acox1
Lampe1 mutation likely works via augmentation of pathways alternate to Ppara mRNA expression. However, whether Acox1 function in hepatocytes, or in immune cells, is the main driver of the observed phenotype is underdefined.
Hematopoietic cell Acox1-dependent peroxisomal β-oxidation contributes to exacerbated hepatocellular damage and systemic inflammation. To define whether hematopoietic or nonhematopoietic Acox1 expression is the key contributor to exacerbated inflammation and hepatic disease, BM transfer experiments were performed ( Figure  5A ). WT or Acox1
Lampe1 BM was transferred into irradiated WT mice, and following successful immunological reconstitution, mice were fed a HFHCD for 4 weeks. Acox1
Lampe1 mutation in the hematopoietic compartment did not alter HFHCD-driven weight gain ( Figure 5B ), but -in contrast to full body mutation -it negatively impacted food intake (Supplemental Figure 7A) . As expected, the similarity in body weight gain correlated with comparable hepatic TG accumulation and histological manifestations ( Figure 5, C and D) . In contrast, the Acox1 Lampe1 mutation in the hematopoietic compartment was sufficient to exacerbate hepatocellular damage ( Figure 5E) . However, the level of hepatocellular damage was blunted compared with total body Acox1 Lampe1 mice fed a HFHCD (Supplemental Figure 7B) . Further, Acox1 Lampe1 mutation in the hematopoietic compartment resulted in a robust increase in the hepatic numbers of NK cells, myeloid cells, and macrophages ( Figure 5F ), which correlated with a modest increase in hepatic expression of macrophage-recruiting chemokines, Ccl2, Ccl3, Ccl4, Ccl22, and Cxcl10 ( Figure 5G ), known to play a role in NAFLD pathogenesis (36) . PMA/ionomycin stimulation of hepatic infiltrating immune cells isolated from HFHCD-fed WT mice that received Acox1
Lampe1 BM revealed increased IFN-γ, TNF-α, and IL-17A production by CD4 + and CD8 + T cells ( Figure 5 , H and I), compared with CD4 + and CD8 + T cells isolated from WT mice that received WT BM.
Transfer of Acox1
Lampe1 BM did not impact systemic proinflammatory cytokine levels ( Figure 5J ). These data support observations depicted in Supplemental Figure 1 and suggest that baseline differences in food intake and systemic inflammatory phenotype seen in the total body Acox1
Lampe1 mice arise from a nonhematopoietic compartment. However, these data also indicated that Acox1 Lampe1 -dependent peroxisomal β-oxidation in the hematopoietic compartment impacts immune cell responsiveness, which is, at least in part, responsible for the observed hepatic immune cell infiltration and augmented hepatocellular damage.
Inflammatory mediators play a role in delivering a "second hit" during NAFL to NASH transition (38), and our data (Figure 1 ) suggest that Acox1
Lampe1 mice exhibit significantly increased proinflammatory cytokine production following inflammatory challenge. Hence, we next examined the contribution of hematopoietic Acox1
Lampe1 mutation on immune responsiveness following inflammatory challenge. Notably, as metabolic endotexemia (LPS levels) directly correlates with obesity and NAFLD progression, we employed Lampe1 mutation in the hematopoietic compartment resulted in significantly increased systemic proinflammatory cytokine levels (e.g., IL-6, IFN-γ, TNF-α, and IL-17A) compared with WT controls ( Figure 6A ). In fact, the increase in proinflammatory cytokine levels in response to LPS challenge was comparable between hematopoietic and total body Acox1 Lampe1 ( Figure 1B) . The robust exacerbation of inflammatory vigor in mice with hematopoietic Acox1
Lampe1 mutation positively correlated with exacerbated hepatocellular damage ( Figure 6B ), significantly increasing frequency of hepatic myeloid cells ( Figure 6C ) and hepatic expression of immune cell-recruiting chemokines, Ccl2, Ccl3, Ccl4, Ccl22 and Cxcl10, ( Figure 6D ) known to play a role in NAFLD pathogenesis (36) . Further, under such experimental conditions, hematopoietic Acox1
Lampe1 mutation significantly augmented cytokine production (e.g., IFN-γ, TNF-α, and IL-17A) by hepatic CD4 + and CD8 + T cells ( Figure  6 , E and F). These data suggest that Acox1 expression in immune cells contributes to the phenotype seen in total body Acox1 Lampe1 mice. However, the lack of a significant increase in potentially toxic hepatic lipids, which may render hepatocytes susceptible to parallel/sequential inflammatory insult, due to normal Acox1 expression in hepatocytes may contribute to the cumulatively blunted liver phenotype. In sum, these findings suggest that both lipid metabolism and inflammation play a significant, synergistic role in hepatocellular damage and that Acox1 function may represent a critical link between the 2 biological processes. 
Coupling of altered Acox1-dependent peroxisomal β-oxidation and obesogenic diet stress amplifies biological pathways that correlate with HCC development.
To assess the preclinical relevance of exacerbated and accelerated hepatocellular damage and histological changes observed in Acox Lampe1 mice fed HFHCD, an unbiased analysis of hepatic gene expression was performed. Both genetic (Acox1 Lampe1 vs. WT) and dietary (chow vs. HFHCD) perturbations drove differential hepatic gene expression ( Figure 7A ). In fact, the combination of Acox1 Lampe1 mice and HFHCD feeding resulted in the highest number of significant, differentially expressed hepatic genes compared with WT chow-fed mice ( Figure 7A ). Comprehensive analysis of gene expression profiles, central to biological processes known to be associated with NAFLD progression, revealed that HFHCD feeding of Acox1 Lampe1 mice led to a significant increase in expression of genes associated with inflammatory responses, leukocyte activation, and leukocyte adhesion ( Figure 7B and Table 1 ). These findings are supported by our observed increase in hepatic immune cell infiltration and chemokine expression (Figure 4, E and F) .
Chronic inflammation and mitochondrial dysfunction have been shown to promote tumorigenesis (39, 40) . In fact, NAFLD and its related inflammation are associated with increased susceptibility for HCC development in humans (41, 42) . However, mouse models of NAFLD have largely failed to encompass the full spectrum of human HCC development. Previous studies have shown that Acox1
Lampe1 mice spontaneously develop HCC after 1 year of age (29) . Thus, we hypothesized that short-term HFHCD feeding coupled with whole body Acox1
Lampe1 mutation would allow for accelerated and exacerbated expression of genes associated with HCC development.
Although 4 weeks of HFHCD did not induce full-blown HCC, such short-term obesogenic diet feeding allowed for the robust induction of multiple genes associated with HCC. In fact, the expression of over 35 genes associated with HCC development in both murine models and humans were dramatically increased in young Acox1
Lampe1 mice fed short-term HFHCD ( Figure 7C and Table 2 ) -a finding further validated Figure 8) . Notably, hepatic levels of H19, an oncogene associated with HCC development, and α-fetoprotein (Afp), a biomarker used for the diagnosis of human HCC (43) were expressed at significantly higher levels only in young Acox1 Lampe1 mice fed a short-term HFHCD ( Figure  7, D and E ). These data demonstrate that, in addition to exacerbated inflammatory potential and systemic and hepatic inflammation, Acox1
Lampe1 mice challenged with short-term HFHCD stress exhibit significant hepatic gene expression profiles associated with the induction of HCC.
We next compared the amplitude of hepatic inflammation and HCC-related gene expression between short-term HFHCD diet stress in young, Acox1
Lampe1 mice and aged (1-year-old) Acox1 Lampe1 mice fed a chow diet. This approach allowed us to determine whether similar pathways were upregulated under these independent conditions and whether amplitude of gene expression correlated with the observed development of tumors in aged mice. Similar to HFHCD Acox1
Lampe1 young mice, tumor-bearing, 1-year-old, Acox1
Lampe1 mice exhibited increased hepatic chemokine expression (e.g., Ccl2, Ccl3, Ccl4, Ccl22, and Cxcl10; Supplemental Figure 9 ). Further, although HFHCD feeding robustly induced expression of genes considered markers Lampe1 and WT mice fed a HFHCD. Acox1
Lampe1 mice display steatosis, inflammation, and liver cell injury after 4 weeks of HFHCD feeding. PT depicts portal tract; arrowhead depicts mitotic hepatocytes. Data represent mean ± SEM. One-way ANOVA with Tukey's correction; *P < 0.05, **P < 0.01, ***P < 0.001. White bars denote WT mice fed chow diet; gray bars denote old Acox1
Lampe1 mice fed chow diet; black bars denote young Acox1 Lampe1 mice fed HFHCD. A single experiment, n = 3/condition.
of HCC (e.g., H19, Afp, Igfbp1, Fabp5, and Spp1) in young Acox1 Lampe1 mice, the expression of such genes was predominantly higher in chow-fed, aged Acox1
Lampe1 mice (Figure 8 , A-E) -mice that develop hepatic tumors. The temporal evolution of histopathological changes that occur in the liver at different time points demonstrated that Acox1
Lampe1 mice display steatosis, increasing inflammation and liver cell injury as they age, with development of hepatocellular tumors at 59 weeks of age ( Figure 8F, upper panel) . Indeed, at 12 weeks, HFHCD-fed Acox1
Lampe1 mice displayed accelerated liver cell damage and steatosis, equivalent to a 23-week-old Acox1
Lampe1 mouse on a regular diet ( Figure 8F, lower panel) . Thus, utility of young Acox-1 Lampe1 mice under obesogenic diet stress may allow for accelerated analysis of pathways underlying the interplay between metabolism and inflammation in obesity-driven NAFLD to HCC transition. Notably, such an approach may allow for faster, more efficacious future discovery of mechanisms that regulate NAFLD progression and pathogenesis.
Discussion
Here, we demonstrate that Acox1 regulates both cellular and whole body metabolism, immune cell polarization, and inflammation and that the interplay between these biological processes correlates with increased hepatocellular damage and impaired hepatic mitochondrial function. Notably, increased hepatic inflammation observed at baseline is exacerbated by HFHCD-driven metabolic burden and linked to augmented expression of HCC-related genes. In sum, our findings suggest that Acox1
Lampe1 mice coupled with obesogenic diet stress provide a relevant experimental model, encompassing both metabolism and inflammation, for induction of accelerated and exacerbated NAFLD progression and induction of HCC-related genes.
Our data demonstrate an important role for peroxisomal β-oxidation in regulation of whole body energy expenditure and end-organ mitochondrial function. In the context of Acox1
Lampe1 mutation, the unmetabolized substrates of this enzyme (very long-chain fatty acyl-CoAs), function as endogenous ligands for the lipid-sensing nuclear receptor Ppara to upregulate mitochondrial, peroxisomal, and microsomal FAO systems (44) (45) (46) . Thus, the sustained increase in FAO, resulting from Acox1 deficiency, could influence Ppara function and regulate energy metabolism and body weight via regulation of Ucp1 activation in BAT (47). However, despite the possible advantages of Acox1 deficiency in terms of weight gain, compounded adverse effects prevail in the context of end-organ sequelae and, specifically, liver pathology (48). Acox1
Lampe1 mice exhibited similar expression levels of Ppara after short-term HFHCD feeding compared with chow-fed counterparts. These data suggest that other pathways, in addition to Ppara, may be involved in the induction of genes associated with HCC in this model.
While we have demonstrated a role for Acox1 in immune function, the underlying mechanisms of Acox1-dependent modulation of inflammation require further exploration. Specifically, a role for Acox1 in inflammation has only been previously described in human fibroblasts from a patient with a mutation in the Acox1 gene (25) . Acox1 deficiency in these cells was associated with significant alterations in the inflammatory response, leading to the activation of the IL-1 pathway and the induction of both IL-6 and IL-8 cytokines (25) . Importantly, both IL-1β and IL-6 promote T cell polarization (49) . In fact, our data demonstrated that Acox1 function particularly and profoundly impacted Th17 cell polarization in vivo and in vitro, and it impacted the ability of Th17 cells for multicytokine production, including IFN-γ and IL-17A secretion. Notably, systemic LPS levels, IL-17 levels, and IFN-γ levels correlate with NAFLD progression (12, 14, 16, 50, 51) , and Th17 cells have been shown to play an important pathogenic role in NAFLD-to-HCC progression (52) . The fact that we observed an increase in IFN-γ and IL-17 using chemical inhibition of peroxisomal β-oxidation suggested an intrinsic CD4 + T helper bias. Notably, however, Acox1 Lampe1 mutation in naive CD4 + T cells, compared with WT T cells, selectively promoted higher Th17 polarization compared with WT naive CD4 + T cells. These data suggest that (i) thioridizine may have off-target effects; (ii) the increased Th1 responses in Acox1 mice may not be T cell intrinsic and may be associated with increased proinflammatory potential of antigen-presenting cells; and (iii) the source of high levels of IFN-γ in the Acox1
Lampe1 mice could also be from other immune cells, including NK and CD8 + T cells. While, the role of fatty acid oxidation (FAO) through the mitochondrial β-oxidation pathway has previously been shown to play a role in Th17 cell polarization, our study shows for the first time to our knowledge an important role for peroxisomal β-oxidation in Th17 cell polarization. Nonetheless, the molecular mechanisms that link functional Th17 cell differentiation to FAO remain poorly defined. FAO has been shown to be one of the main pathways to fuel oxidative phosphorylation, which in turn fuels glycolysis, fast proliferative response, and proinflammatory cytokine production by memory CD8 + T cells (53) . These studies indicate that the proper regulation of intracellular lipid metabolism is critical for T cell responses. Although future studies utilizing cell-specific deletion of Acox1 are needed, our current findings suggest that better understanding of peroxisomal β-oxidation in Th17 polarization may lead to the identification of novel mechanisms by which metabolism and inflammation are coregulated and contribute to NAFLD progression. Of note, while our work demonstrates that peroxisomal β-oxidation regulates immune responses, whether immune responses regulate NAFLD-associated metabolic processes remains to be fully elucidated. Interestingly, the role of IL-17 in NAFLD may not be limited simply to inflammation. In fact, IL-17 has been shown to alter metabolic processes, including adipogenesis via activation of Kruppel-like factors (54) . Further, we have previously demonstrated that IL-17RA-deficient mice exhibit significantly increased steatosis (14) . Therefore, whether the IL-17 axis regulates peroxisomal β-oxidation and subsequent hepatic lipid accumulation, and the mechanisms underlying this potential effect, is an important question moving forward.
We also demonstrate that Acox1 Lampe1 mice fed HFHCD develop accelerated and exacerbated hepatocellular damage -something that uncoupled lipid toxicity from inflammation during obesogenic diet feeding. Although the hepatic accumulation of toxic lipids in Acox1
Lampe1 mice was dependent on Acox1 function, it was found to be independent of dietary intake. Further, to define whether Acox1 expression by hematopoietic or nonhematopoietic cells was central to the exacerbated inflammation and hepatic disease, BM transfer experiments were performed. WT mice reconstituted with Acox1
Lampe1 BM fed a HFHCD displayed augmented inflammation and hepatocellular damage. However, the severity of hepatocellular damage was blunted in comparison with the levels observed in nonirradiated, total body Acox1 Lampe1 mice fed a HFHCD. These data suggest that hematopoietic Acox1 expression plays an important role in the inflammatory phenotype seen in Acox1
Lampe1 mice. However, these data also suggest that such effects alone are not sufficient to drive differential development of hepatic steatosis or fully alter the severity of hepatocellular damage. This effect could be partially due to the short duration of HFHCD feeding (4 weeks) -something that precludes robust hepatic triglyceride accumulation in WT animals as compared with Acox1
Lampe1 mice. Specifically, increased hepatic triglyceride synthesis and storage represents the "first hit" in NAFLD and renders the hepatocytes susceptible to parallel/sequential inflammatory hits, potential cell death, and disease progression. Endotoxemia, oxidative stress, cytokine production, and other proinflammatory mediators have all been shown to play roles in delivering a "second hit" during the transition from simple steatosis to NASH (38) . As hepatic inflammation is one of the most distinguished features of NASH, hepatic immune responses may also play critical roles in the pathogenesis of NASH. In fact, exogenous administration of an inflammatory stimuli to WT mice reconstituted with Acox1
Lampe1 BM and fed a HFHCD exacerbated hepatocellular damage, as compared with WT mice reconstituted with WT BM. These data suggest that, in mice with impaired hematopoietic peroxisomal β-oxidation (e.g., Acox1
Lampe1 mice), the intrinsic immune cell inflammatory potential might further contribute to the "second hit" stress-mediated damage and NAFLD progression to HCC. In fact, the utility of our model may allow for definition of the metabolic processes that regulate inflammatory potential and the complex interactions between inflammation and lipid deposition/toxicity in NAFLD progression. However, specific experiments involving Acox1-conditional KO mice will be necessary for determination of the critical cell types and pathways regulating peroxisomal β-oxidation in NAFLD progression.
Taken together, our data provide potentially novel insights into the interactions of metabolism and inflammation in the pathogenesis of NAFLD progression. Overall, our findings suggest that coupling of genetic and dietary stress significantly augments inflammatory vigor, accelerates and exacerbates NAFLD, and promotes induction of HCC-associated genes -something possibly dependent on exacerbated immune activation and impaired fatty acid β-oxidation. Additionally, the introduction of short-term HFH-CD feeding in the context of Acox1 deficiency induces expression of HCC genes that normally take more than a year to develop in the absence of dietary challenge.
Methods
Mice. Acox1
Lampe1 mice on a C57BL/6 background were generated as previously described (29) and were matched for nicotinamide nucleotide transhydrogenase (Nnt) mutation status (55) . Animals were housed in a specific pathogen-free animal facility at CCHMC and handled in high-efficiency particulate-filtered laminar flow hoods with free access to food and water. For all studies, littermate WT and Acox1
Lampe1 heterozygous or homozygous mice derived from Acox1
Lampe1 heterozygous parents were utilized. 14, 56) . For all studies, body weight and food consumption were quantified weekly.
BM transfer. BM chimeric mice were generated using 8-week-old WT recipient mice. Briefly, recipient mice were conditioned by whole body irradiation and were reconstituted via tail vein injection of 1 × 10 6 BM cells derived from femurs of WT or Acox1
Lampe1 mice. Peripheral blood chimerism was assessed by flow cytometric analysis 8 weeks after BM reconstitution. Following successful BM reconstitution, mice were placed on chow or HFHCD as described above.
Hepatic function and phenotyping. Hepatic TGs were quantified using Triglyceride Reagent and Triglyceride Standards (Pointe Scientific). Serum ALT levels were quantified using ALT Reagent and Catatrol I and II (Catachem). Lipid peroxidation was quantified using 4-HNE ELISA reagents (Cell Biolabs) as previously described (16) . For histology, liver tissue was fixed in 10% buffered formalin, stained with H&E, and evaluated by a board-certified pathologist. Hepatic immune infiltration was quantified by flow cytometry of single cell suspensions following hepatic digestion as previously described (14, 16) . All antibodies used were from eBioscience.
Quantification of cytokine levels. For quantification of in vivo cytokine production, in vivo cytokine capture assay (IVCCA) was employed as previously described. Briefly, biotinylated capture antibodies to IL-6 (MP5-32C11, catalog 36-7062-85), TNF-α (TN3, catalog 36-7423-85), IFN-γ (R4-6A2, catalog 36-7312-85), and IL-17A (eBio17B7, catalog 13-7177-85) (all from eBioscience) were injected i.p., and terminal serum collection was performed 24 hours later (9, 14, 16, 57, 58) . Further, for quantification of LPS-driven cytokine production in vivo, mice were injected i.p. 3 hours prior to LPS (25 μg/mouse) challenge, and serum cytokine levels were determined 24 hours later. For in vitro cytokine production, IL-6 and IL-1β ELISAs (BD Biosciences) were utilized according to the manufacturer's instruction.
T cell polarization. Naive CD4 + T cells were isolated from the spleen and cultured using anti-CD3/ CD28 (catalog 14-0031-82 and catalog 14-0281-81, respectively; 1 μg/ml and 0.5 μg/ml, respectively), in DMEM supplemented with FBS, nonessential amino acids, and vitamins. Polarization of naive CD4 + T cell to Th17, Th1, or Tregs was achieved via supplementation of culture media for 6 days. Th17 skewing was induced by supplementation of culture media with TGFB (1 ng/ml), IL-6 (10 ng/ml), IL-23 (20 ng/ ml), and IL-1β (1 ng/ml). Th1 skewing was induced by supplementation of culture media with IL-12 (20 ng/ml). Treg skewing was induced by supplementation of culture media with TGFB (10 ng/ml) and IL-2 (100 U/ml). All recombinant proteins and antibodies were from eBioscience.
Mitochondrial isolation and quantification of substrate utilization. Mitochondria was isolated from intrascapular BAT and the left lateral liver lobe. Mitochondrial protein concentration was determined with a bicinchoninic acid protein assay kit (BCA; Thermo Fisher Scientific) according to manufacturer's instructions. An XF Analyzer (Seahorse Bioscience) was used to measure bioenergetics in mitochondria isolated from BAT and liver. Briefly, XF24 extracellular flux assay cartridge (Seahorse Bioscience) was hydrated overnight at 37 o C according to manufacturer's instruction. Isolated mitochondria (6 μg per well for BAT and 10 μg per well for liver) were plated in MAS-1 buffer supplemented with 70 mM sucrose, 220 mM D-mannitol (MilliporeSigma), 5 mM potassium dihydrogen phosphate (Thermo Fisher Scientific), 5 mM magnesium chloride (MilliporeSigma), 2 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 1 mM EDTA (MilliporeSigma) and 0.2% fatty free acid BSA (MP Biologicals, pH 7.4) on a polyethylenimine (MilliporeSigma) precoated XF Cell Culture Microplate, centrifuged at 200 g for 12 minutes at 4 o C, and incubated at 37 o C in a non-CO 2 incubator for 10 minutes. Liver mitochondria were plated on an uncoated plate, centrifuged at 2,000 g for 20 minutes at 4 o C, and incubated at 37 o C in a non-CO 2 incubator for 10 minutes. For BAT, 3 mM sodium pyruvate/3 mM malate (MilliporeSigma), and 4 μM FCCP (MilliporeSigma) were sequentially injected, and mitochondrial OCR was quantified. For liver, 5 mM succinate (MilliporeSigma) and 4 μM FCCP were sequentially injected, and OCR was quantified.
Analysis of mouse metabolic phenotypes. Assessment of energy intake, energy expenditure, and home-cage activity were performed using an indirect calorimetric system (TSE PhenoMaster, TSE Systems). Data for energy expenditure were analyzed using analysis of covariance (ANCOVA) with body weight as covariant as previously described (59, 60) . Briefly, mice were placed in calorimetric chambers that recorded oxygen consumption, as well as locomotor activity through use beam breaks.
Flow cytometry. Single cell suspensions were derived from hepatic and splenic homogenates. To determine immune cell populations, cells were labeled with monoclonal antibodies (all from eBioscience) at room temperature. For cytokine production, total single cells were stimulated for 4 hours with PMA (50 ng/ml; MilliporeSigma) and Ionomycin (1 μg/ml; Calbiochem) in presence of Brefeldin A (10 μg/ml; MilliporeSigma). Subsequently, data were collected using a LSR Fortessa (BD Biosciences) and analyzed using FlowJo X software (vX0.7). Briefly, cells were stained with Live/Dead stain (Zombie UV Dye, BioLegend, catalog 423107) and with directly conjugated monoclonal antibodies to CD45 (clone 104, BioLegend, catalog 109845), CD11b (clone M1/70, catalog 12-0112-81), F4/80 (clone BM8, catalog 17-4801-82), Gr1 (clone RB6-8C5, catalog 56-5931-82), NK1.1 (clone PK136, catalog 25-5941-82), TCRB (clone H57-597, catalog 47-5961-82), CD4 (clone GK1.5, catalog 11-0042-85), CD8 (clone 53-6.7, catalog 48-0081-82), IL-17A (clone 17B7, catalog45-7177-82), IFN-γ (clone XMG1.2, catalog 25-7311-82 ), and FOXP3 (clone FJK-16s, catalog 17-5773-82) (all from eBioscience).
RNA sequencing and gene expression quantification. Gene expression was determined by running 50 bp single-end reads (~20 million reads per sample). All analysis was performed in Cufflinks 1.3.0, TopHat 1.4.0, and GeneSpring 7.0. Single-end 50-bp reads were aligned to the mouse genome (mm9) in TopHat v1.4.0. Following alignment, transcripts were quantified following the protocol described (61) . Functional enrichments of differentially expressed genes were assessed through ToppGene, with a P value cutoff of 0.05. All original microarray data were deposited in the NCBI's Gene Expression Omnibus database (GEO GSE89626).
Tri-one dimensional thin layer chromatography (TOD-TLC) analysis of neutral lipids from liver. Acox1
Lampe1 and WT control liver tissue (0.1 mg) from mice fed chow and HFHCD were homogenized in PBS, and cellular lipids were extracted into chloroform/methanol. Subsequently, lipid samples were evaporated using a nitrogen stream and a 52 o C water bath and loaded onto high-performance thin layer chromatography plates precoated with silica gel 60 (Thermo Fisher Scientific). Plates were washed with chloroform and methanol to remove any contaminants, dried overnight at 120 o
